A new story has emerged from work performed in the Breaker, Nudler, Yura and Cossart laboratories. In a series of recent papers, they report that specific RNA sequences can act as environmental sensors of vitamin cofactors (including vitamins B 1 , B 2 and B 12 ) and temperature, which allow them to directly regulate the transcription or translation of associated mRNAs [9-14]. Amazingly, these RNAs perform both sensing and regulatory functions without the need for any proteins. If it is true that the simplest solution to a problem is also the most beautiful, then these examples are surely among the most beautiful strategies for gene regulation.
the relevant genes to allow their synthesis or import is activated. Conversely, in times of plenty, there is no need to maintain high level production or import capability, and the relevant genes are downregulated.
The classic mechanism of negative feedback control is for a transcription factor to be allosterically regulated by the small molecule in question. For example, a repressor might become functional in the bound state, allowing it to suppress transcription in the presence of the appropriate molecule. Biotin synthesis is one of many processes regulated in this manner: birA encodes a bifunctional protein that is not only a biotin-protein ligase, but a biotinyl-5′ ′AMP-activated transcriptional repressor of the biotin synthesis operons bioA and bioBCDF. BirA represses biotin synthesis when enough biotin is present [15] . Post-transcriptional initiation mechanisms have also been described, such as regulation of the B. subtilis trpEDCFBA operon by TRAP. Tryptophan-bound TRAP can bind the nascent trp mRNA and cause its premature termination at a site in the first gene of the operon. TRAP also functions by a slightly different mechanism to regulate trpG, where tryptophan-bound TRAP can interact with the ShineDalgarno (SD) sequence and inhibit ribosome binding and translation [16] .
Specific sequences in the 5′ ′ untranslated regions (UTRs) of many vitamin-related genes are essential for negative feedback regulation, and are conserved amongst a wide variety of Gram-positive and Gramnegative bacteria (Table 1 ). For instance, many genes in the vitamin B 12 (CN-Cbl) pathway are negatively regulated by the intracellular concentration of 5′ ′-deoxy-5′ ′ adenosyl-cobalamin (Ado-Cbl) [17] . These include genes involved in Cbl biosynthesis and cellular import; regulation involves a conserved sequence termed the 'B 12 box'. Similarly, genes involved in vitamin B 1 (thiamine) synthesis or metabolism are regulated by the 'THI box', which responds to thiamine pyrophosphate (TPP) levels [18] . Finally, many genes involved in vitamin B 2 (riboflavin) synthesis or import contain a socalled 'RFN element', which is sensitive to the biologically active riboflavin derivatives flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) [19] . Mutation of any of these motifs decreases or eliminates vitamin-induced repression. Moreover, these motifs are always associated with genes whose function is relevant to the corresponding metabolite, so that they have also been a useful diagnostic for implicating certain previously uncharacterized genes in vitamin cofactor transport, biosynthesis or metabolism [19] [20] [21] .
The locations of these different motifs in transcribed regions suggest that they function at the RNA level. This is bolstered by the observation that, over evolution, different examples of a given motif display covariant nucleotide substitutions that maintain a predicted RNA secondary structure. In virtually all other cases, conserved regulatory sequences such as these represent binding sites for either regulatory proteins or small antisense RNAs. Suspicion has mounted over the years, however, that the motifs in these genes might directly bind the vitamin derivatives that regulate them [22, 23] . This idea has grown in large part from the failure to identify mutations in any putative negative regulatory factors, either RNA or protein.
As a general rule, the only mutants that show a defect in vitamin-cofactor-induced repression and map outside of the cis-regulatory sequences themselves turn out to affect proteins involved in vitamin import, biosynthesis or salvage [24, 25] . This is consistent with the known role for vitamin derivatives in repression of gene activity, but does not implicate any candidate repressors. Although a negative result always carries with it a certain amount of doubt, this result may be more meaningful with bacteria, where saturating mutagenesis screens can be trivially performed.
More compelling, although still indirect, evidence comes from highly simplified assays that recapitulate regulation by vitamin cofactors. For example, Ado-Cbl can directly inhibit ribosome binding to btuB mRNA in an in vitro system containing only these components [23] . In addition, FMN was shown to induce transcriptional termination of rib-leader-lacZ fusion mRNAs in a simple transcriptional assay containing only these components and highly purified RNA polymerase holoenzyme; TPP had similar effects on transcription from THI box-containing tenA leader templates [12] . Data such as these indicate very direct effects of these metabolites on gene expression, and suggest that other cofactors may not be necessary for them to exert their regulatory effect. The table lists the metabolite precursor and the active cofactor derived from it, the RNA aptamer that binds each cofactor, and some representative genes known to be regulated by associated riboswitches.
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structurally related biosynthetic intermediates in each pathway. In vitro selection techniques have previously established such capability for specific RNA aptamers. In one of the more spectacular examples, a particular RNA aptamer was shown to bind theophylline 10,000 times more avidly than the related molecule caffeine, though the latter contains but a single extra methyl group [28] .
In the new studies, the B 12 box was shown to be specific for cobalamin analogues containing a 5′ ′ deoxyadenosyl group, and does not bind the related compounds methylcobalamin or cyanocobalamin [10] . Similarly, recognition of TPP by THI boxes is 1000 times greater than for either thiamine or thiamine monophosphate [9] , while the RFN element distinguishes FMN from riboflavin by three orders of magnitude, and even discriminates between FMN and FAD by at least sixty fold [12, 13] . The absolute requirement for phosphate groups on TPP and FMN in recognition by RNA is a notable achievement, considering that RNA is itself polyanionic and thus might be expected to have difficulty binding such compounds.
Two Means to One End: Negative Regulation by Transcriptional Termination or Translational Inhibition
Vitamin cofactor-binding aptamers are embedded within larger regions that confer vitamin cofactormediated gene regulation, sometimes referred to as 'riboswitches' or 'regulons'. Studies to date have shown that RNA restructuring induced by vitamin cofactor binding typically has one of two general consequences for gene regulation. In some cases, transcripts become prematurely terminated -also referred to as attenuation -while in other cases, access of the mRNA to the translational machinery is inhibited (Figure 1 ).
For genes regulated by transcriptional termination, it is typical for these elements to be associated with transcriptional terminator, anti-terminator and anti-antiterminator sequences, which are also usually located in the 5′ ′ region of the transcript ( Figure 1A) . The canonical intrinsic terminator is a stable hairpin followed by a poly-uridine tract. In the absence of the relevant metabolite, however, part of the terminator sequence instead pairs with the anti-terminator element and is rendered non-functional, thus permitting full-length transcription ( Figure 1A, top) . Upon ligand binding, the nascent mRNA is instead structured so that the antianti-terminator sequence binds the anti-terminator. This allows the intrinsic terminator to form, which induces dissociation of RNA polymerase following the uridine tract and results in highly truncated, noncoding transcripts ( Figure 1A, bottom) [29] . This type of mechanism appears to function in the regulation of B. subtilis rib and tenA operons by FMN and TPP, respectively [12, 13] .
In genes regulated by translational inhibition, these elements are not coupled to a terminator/anti-terminator system. Instead, the mRNA leader is capable of adopting alternative conformations that include the SD box and/or AUG translational initiation codon ( Figure 1B) . In the absence of ligand, the SD/AUG sites are exposed and accessible to the ribosome ( Figure 1B,  top) . But in the presence of the appropriate cofactor, an anti-SD sequence is allowed to bind the SD sequence, thus denying the ribosome access to the mRNA and preventing translation (Figure 1B, bottom) . In some cases, the anti-SD sequence is paired with an anti-anti-SD sequence in unbound mRNA to ensure accessibility to the ribosome. A translational inhibition mechanism has been proposed for regulation of E. coli btuB and the S. typhimurium cob operon by Ado-Cbl, and for E. coli thiM by TPP [9,10,23,30].
Bioinformatic searches revealed the presence of B 12 boxes, THI boxes and RFN elements in about 80 genomes from a phylogenetically broad range of bacteria [19] [20] [21] . Analysis of the type of likely regulatory system associated with these elements revealed a curious generalization: Gram-positive bacteria are more likely to couple these elements to a terminator/anti-terminator system, while Gram-negative bacteria more typically link these elements to a SD-sequestration mechanism. Exceptions to this tendency occur, some of which were taken as evidence for horizontal gene transfer between bacterial subtypes. It has also been noticed that operons are more likely to be regulated by a transcriptional termination system, while single genes are more typically regulated by a translational inhibition mechanism. This trend would appear to be metabolically frugal, as it is more efficient to prematurely cease transcription of a long, multigene biosynthetic operon if its products are not needed.
The two generalizations are manifest in the observation that riboflavin synthesis genes in many Gram-positive organisms, such as B. subtilis, are arranged in operons, while the same genes in a Gram-negative organism such as E. coli are instead scattered about its genome. But neither generalization is to be taken as absolute, and as noted, many exceptions exist. THI boxes are also found in some archaeal and eukaryotic genomes, including those of certain fungi and plants. This indicates that gene regulation by cofactor-binding RNA aptamers was quite an ancient innovation.
Variations on these regulatory mechanisms exist. For example, although B. subtilis ypaA was suggested to be controlled by FMN through a translational inhibition mechanism [13] , microarray analysis supported an attenuation mechanism [31] . In fact, it was noticed that, in many species, the ypaA leader can form a terminator hairpin that also overlaps SD sequences [20] , suggesting that non-terminated ypaA transcripts can still be regulated at the translational level. E. coli thiC was also shown to be regulated at both the transcriptional attenuation and translational levels [9] , and a similar dual mode of regulation was proposed for regulation of yuaJ by TPP in many species [20] . Other possibilities include direct sequestration of SD boxes by metabolite binding aptamers (predicted for many THI boxes in actinomycetes, cyanobacteria and thermoplasmas [20] as well as for RFN elements of T. thermophilius ribD and A. minutum ypaA [21] ) or combined modulation of SD and translational enhancer availability [30] .
An additional layer of regulatory complexity comes with the observation that the affinity of an aptamer for its ligand, and thus the quality of regulation, can be dynamic with procession of transcription [9, 12] . Finally, there is no reason, at least in principle, why RNA sensors of these sorts could not also confer positive gene regulation. At least one microarray-based study of B. subtilis revealed only vitamin-repressed genes [31] . This type of experiment would not, however, have detected examples of translational regulation. We therefore await further studies on regulatory possibilities associated with riboswitches.
The Heat Is On: Activation of Gene Expression by RNA Thermosensors
There are two well-studied examples of temperaturedependent induction of gene expression and/or activity: during the heat shock response and during pathogenic invasion. The need to control gene induction as a function of temperature in the former setting is self-explanatory; the rationale in the latter setting is also sensible, if not necessarily immediately obvious to the uninitiated. It is most efficient to keep virulenceassociated genes transcriptionally silent until the pathogen enters an animal host, and a convenient way of detecting this turns out to be the increase in ambient temperature to ~37ºC upon host entry. A heatinducible multigene transcriptional response in either setting is typically achieved by placing the desired genes under the common control of a transcription factor, the expression or activity of which is then directly subject to thermal regulation. A surprisingly large number of ways of achieving this desired form of regulation have evolved.
Protein folding and activity are well known to be influenced by temperature, a fact that underlies the isolation of temperature-sensitive mutants. Temperature controls the multimerization status of heat shock transcription factor (HSF), a protein conserved from yeast to humans which is the sole mediator of the heat shock response. HSF normally exists in an inactive monomer state, but acquires DNA-binding activity following its trimerization at temperatures of ~28-37ºC [32] . A related mechanism operates in S. typhimurium. In this pathogen, the conformation of a coiled-coil domain in TlpA is sensitive to ambient temperature and regulates multimerization and DNA-binding activity [ activates several operons of virulence genes -undergoes a structural shift at 37ºC that renders it less accessible to the repressor H-NS and therefore transcriptionally competent [34] .
As RNA secondary structure is highly influenced by temperature, RNA could in principle also act as a thermosensor. This was suggested to be the case for regulation of rhizobial heat shock genes. Several genes, including those encoding small heat shock proteins and σ σ 32 , a global regulator of heat shock responsive genes, were found to contain a conserved sequence in their 5′ ′ untranslated regions referred to as the ROSE (repression of heat shock gene expression) element [35] . From comparative RNA structure predictions and mutation studies using fusion constructs, it was proposed that the ROSE element engages the SD box and AUG start codon in a stem structure, rendering them inaccessible. Melting of this structure at heat-shock-inducing temperatures would then allow translation of these associated mRNAs [36] .
Functional evidence for this type of model was obtained for translational regulation of E. coli rpoH, which encodes σ σ 32 . It was already known that σ σ 32 is post-translationally regulated by a negative feedback mechanism involving the chaperone subunits DnaK, DnaJ and GrpE [37] . Although they normally assist in protein folding during extreme conditions, they negatively regulate the activity of σ σ 32 by making it unstable. During heat shock, titration of chaperones by other misfolded proteins results in σ σ 32 stabilization and accumulation. However, work primarily from the Yura lab [38, 39] showed that activation of rpoH translation is itself independent of chaperones. Instead, it involves a region including the 5′ ′ coding sequence that has the capacity to sequester the SD and AUG sites; the sequences involved here are different from the ROSE element. The RNA structures predicted by this model were substantiated using chemical probing techniques.
The Yura lab [14] subsequently showed that the RNA secondary structure of this region, as deduced from circular dichroism (CD) spectra, is melted over a heatinducing range that directly correlates with the thermoregulatory range in vivo. They were also able to alter the 'thermostat' of this sensor by making various base substitutions that either increased or decreased the amount of duplexed RNA. Changes in the thermostability of RNA secondary structures in this region also directly correlated with their thermoregulatory properties in vivo, with more stable structures responding at higher temperatures, and vice versa. Finally, they found that the rpoH 5′ ′ region inhibits ribosome binding at low temperature -but not at high temperature -in an in vitro assay containing only mRNA, purified 30S ribosomes and initiator tRNA Met . These data strongly support the model that this RNA region directly senses temperature and regulates translation by controlling access of rpoH transcript to the ribosome.
RNA thermosensors have also been proposed to exist in certain pathogenic bacteria. Nearly a decade ago, translation of LcrF, a general activator of virulencerelated gene expression in Yersinia pestis, was found to be thermally regulated [40] . An RNA sensor model was proposed based upon structural predictions, but not subsequently tested experimentally. A new report from the Cossart lab [11] now provides strong evidence for an RNA thermosensor that regulates translation of PrfA, a general activator of virulence genes in a pathogenic variety of Listeria, L. monocytogenes.
The prfA gene is transcribed at both 30ºC and 37ºC, but it is translated only at the latter temperature. Cossart and colleagues observed that sequences in the 5′ ′ UTR of the prfA mRNA could form an extended hairpin that includes the SD sequence. Mutations that destabilized this structure reduced or eliminated thermoregulation by the prfA leader in vivo as well as in a heterologous in vitro translation assay (using E. coli extract, which does not contain PrfA). Temperaturedependent reconformation of this RNA was indeed demonstrated using gel mobility assays and chemical probing, and showed that the stem structure surrounding the SD sequence is melted at 37ºC but not at 30ºC. Finally, they found that the prfA leader even confers thermal regulation on heterologous transcripts in living E. coli. Taken together, these data indicate that the prfA mRNA leader is a thermosensor that directly regulates translation by selectively blocking access of the ribosome at lower, but not higher, temperatures ( Figure 1C) .
Unlike the metabolite-regulated riboswitches, most of these RNA thermoregulators are not broadly distributed, either within a given genome or among different species. The known RNA thermosensors are all directly involved in SD/start sequestration, which makes them somewhat less amenable to evolutionary mixing and matching than the modular riboswitches described above, in which ligand binding capacity and gene regulatory sequences are separable. In the case of rpoH, involvement of a downstream coding sequence in SD sequestration further limits its transfer to other functionally distinct genes. Thermoregulation of prfA probably evolved to fit the specific needs of this pathogen, and this gene is not even present in the genome of the related, non-pathogenic bacterium L. innocuous [41] . Only the ROSE element is associated with multiple types of heat-regulated genes in multiple (rhizobial) genomes, although validation of its status as a genuine thermoregulator will require additional work. These and other RNA aptamers may also be exploited as biosensors. Pioneer studies have shown that self-cleaving ribozymes can be placed under allosteric control by various small molecules, which can then be used to analyze the composition of chemical and biological mixtures [47] . Although this technology is little beyond the 'proof of principle' stage at present, identification of additional and more affine aptamers may increase the sophistication and practical usage of this concept [48] . Finally, these sensors may also find utility as targets of antibacterial compounds. It may be possible to design chemical mimics of their cognate ligands that would constitutively repress associated gene activity. Such compounds could potentially be quite powerful, as they would efficiently inhibit bacterial growth by simultaneously repressing multiple components in a given biosynthetic/metabolic/transport pathway. At the same time, such compounds might be likely to have relatively low toxicity, as they would be designed to target RNA, not protein. I look forward to the realization of these tools, and if recent years are any indication, expect to continue to be amazed by new capabilities and applications for RNA that will undoubtedly emerge in the future.
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